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(57) ABSTRACT 

A combined spectrometer/polarimeter device capable of 
being placed in-line in a WDM optical transmission system 
is provided. The combined device contains an optical 
Waveguide, Wavelength manipulating optics that include one 
or more Wavelength dispersive elements formed in the 
Waveguide, and polarization manipulating optics. The Wave 
length dispersive elements tap at least a portion of the 
propagating light from the Waveguide, such that the tapped 
light is directed to or through at least a portion of the 
polarization manipulating optics. The presence of the Wave 
length dispersive element(s) alloW monitoring of one or 
more channels present in the propagating light. Thus, the 
device is able to act as a spectrometer to determine the 
presence/intensity of channels in the WDM system. In 
addition, by inclusion of the polarization-manipulating 
optics, it is further possible to use the same in-line device to 
monitor polarization characteristics of each such channel 
(e.g., calculation of a Stokes parameter spectrum or mea 
surement of PMD). 
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SYSTEM COMPRISING IN-LINE WAVELENGTH 
SENSITIVE POLARIMETER 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority of Provisional 
Application Ser. No. 60/001,599 Which Was ?led Aug. 30, 
2000. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The invention relates to optical communications 
systems comprising both Wavelength-monitoring and polar 
iZation-monitoring devices. 

[0004] 2. Discussion of the Related Art 

[0005] Optical communications systems utilizing Wave 
length division multiplexing (WDM) have become more 
prevalent and important, as the need and desire to send and 
receive data has rapidly increased. Stated brie?y, WDM 
systems operate by simultaneously sending data on numer 
ous channels, i.e., Wavelengths. During operation of the 
systems, it is generally necessary to monitor the status of 
these Wavelengths, e.g., ensure that a channel is present 
and/or is of sufficient intensity. 

[0006] One technique for such Wavelength monitoring is 
the use of ?ber grating-based spectrometers, as discussed for 
example in co-assigned US. Pat. Nos. 5,850,302 and 6,002, 
822 and co-assigned US. patent application Ser. No. 09/093, 
323 ?led Jun. 8, 1998 (our reference Koeppen 1-11), the 
disclosures of Which are hereby incorporated by reference. 
These spectrometers, in general, utiliZe an optical ?ber 
having a blaZed, i.e., tilted, Bragg grating therein, to direct 
at least a portion of the propagating light out of the ?ber and 
onto a detector. Selection of particular grating characteristics 
and/or use of optics induces light of differing channels to 
impact the detector at distinct locations, alloWing the pres 
ence/intensity of the different channels to be monitored. 
Because these spectrometers are ?ber-based, it is possible to 
incorporate them in-line. (In-line indicates that the device is 
able to be incorporated into the ?ber transmission line of a 
communications system Without unduly hindering the sys 
tem.) 
[0007] In addition to Wavelength monitoring, it is gener 
ally desirable to monitor the state of polariZation (SOP) of 
a propagating optical signal, due to the inherent degeneracy 
associated With polariZation. PolariZation measurement is 
important, for eXample, in accurately orienting polariZation 
maintaining ?ber during splicing, in measuring the polar 
iZation dependent loss (PDL) of components or system, and 
in determining the polariZation-mode dispersion (PMD) in 
optical transmission systems. The signi?cance of PMD is 
increasing due to the development of ever faster-speed, 
long-haul systems. 

[0008] Most conventional arrangements for polariZation 
monitoring rely on statistical sampling of polariZation states. 
See, e.g., US. Pat. No. 5,440,390. HoWever, real-time 
monitoring is desirable, particularly if the monitoring can be 
done in-line. Such in-line systems are re?ected in co 
assigned US. patent application Ser. No. 09/517,865 ?led 
Mar. 3, 2000 (our reference Erdogan 11-38-4) and co 
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assigned US. provisional patent application Ser. No. 
60/187,840 ?led Mar. 8, 2000 (our reference Erdogan 12-42 
7), the disclosures of Which are hereby incorporated by 
reference. The in-line ?ber grating polarimeter disclosed in 
these applications involves use of a series of strongly-blaZed 
Bragg gratings that both tap light from the propagating 
signal and also constitute polariZation sensitive elements. 
Signi?cantly, provisional patent application 60/ 187,840 con 
templates combining the in-line polarimeter With elements 
to perform Wavelength separation, Which Would alloW one to 
monitor both Wavelength and polariZation. See also US. 
patent application Ser. No. 60/228,265 ?led Aug. 25, 2000 
(our reference Moeller 9-12) for other Ways to measure 
polariZaton states. 

[0009] Further improvements in both Wavelength and 
polariZation monitoring are desired. 

SUMMARY OF THE INVENTION 

[0010] The invention provides a combined spectrometer/ 
polarimeter device capable of being placed in-line in an 
optical transmission system, typically a WDM system. The 
combined device contains an optical Waveguide, Wavelength 
manipulating optics that include one or more Wavelength 
dispersive elements formed in the Waveguide, and polariZa 
tion manipulating optics. The Wavelength dispersive ele 
ments tap at least a portion of the propagating light from the 
Waveguide, such that the tapped light is directed to or 
through at least a portion of the polariZation manipulating 
optics. As in the co-assigned patents and application cited 
above, the presence of the Wavelength dispersive element(s) 
alloW monitoring of one or more Wavelengths present in the 
propagating light. Thus, the device is able to act as a 
spectrometer. But, in addition, by inclusion of the polariZa 
tion-manipulating optics, it is further possible to use the 
same in-line device to monitor the polariZation for each such 
Wavelength and/or for particular channels (e.g., calculation 
of a Stokes parameter spectrum or measurement of PMD). 

[0011] In one embodiment, re?ected in FIGS. 1A and 1B, 
an optical ?ber 10 having a core 12 and a cladding 14 is 
provided, With a blaZed grating 16 formed in the ?ber by 
conventional techniques. The grating re?ects, i.e., taps, light 
(over a range of Wavelengths) from the ?ber through cou 
pling optics—Which comprise in this embodiment an indeX 
matching medium 18 a glass block 20, and a re?ective 
element 22 -toWard a detector array 24. As discussed in the 
references cited above, in such a con?guration, tapped light 
of Wavelength M is brought to a focus at some point or along 
some line on the detector 24 distinct from the point or line 
of k144i. With use of a proper array, the multiple Wave 
lengths are able to be resolved and detected simultaneously 
over a relatively large bandWidth, e.g., 20 to 50 nm. The 
con?guration is thereby able to act as an in-line spectrometer 
of the type discussed above. HoWever, according to the 
invention, the device also provides polariZation-manipulat 
ing optics 25. In the embodiment of FIGS. 1A and 1B, the 
necessary polariZation optics, e.g., optics 26, 27, 28, 29, are 
provided betWeen the coupling optics and the detector 24, to 
alloW, for eXample, calculation of the Stokes parameter. 
Advantageously, the light tap of this and similar embodi 
ments has substantially no effect on the polariZation of the 
scattered (tapped) light, i.e., the tap induces less than 1 dB 
of variation in the scattered light as a function of polariZa 
tion. Also, to keep PDL loW, it is advantageous to keep the 
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transmission line free of linear polarizers, and provide 
dispersive elements that introduce relative loW PDL, e.g., 
less than 0.2 dB. 

[0012] In another embodiment, re?ected in FIG. 6, the 
system contains a ?ber 100 having a portion of polarization 
manipulating optics (e. g., a four-state polarization controller 
102) located in-line, upstream of a blazed grating 104 
formed in the ?ber 100. Scattered light travels through a lens 
106 onto a detector 110. The blazed grating in this embodi 
ment acts both as a Wavelength insensitive tap for transmit 
ted light and as a polarizer for scattered light (i.e., as another 
portion of the polarization monitoring optics). Thus, no 
distinct polarizer is required betWeen the tap 104 and the 
detector 110. (Note that the functioning of the tap as a 
polarizer for scattered light brings the system Within the 
above de?nition of having the tapped light directed to and/or 
through at least a portion of the polarization manipulating 
optics.) 
[0013] (Wavelength manipulating and polarization 
manipulating optics include optics performing functions 
such as manipulating or controlling the polarization or 
selected Wavelengths to alloW the ultimate monitoring of 
Wavelength or polarization. Wavelength manipulating optics 
include, for eXample, in addition to the Wavelength disper 
sive elements, lenses and re?ective elements capable of 
directing different Wavelengths to different regions on a 
detector. Polarization manipulating optics include, for 
eXample, linear polarizers, retardation plates such as quarter 
and half-Waveplates, four-state polarization controllers, 
rotating retardation plates, and polarization sWitches. It is 
possible for single element to be both Wavelength manipu 
lating and polarization manipulating, e.g., providing dual 
functions as in a highly blazed grating that provides a 
substantially Wavelength-insensitive tap for transmitted light 
and Which also provides a polarizer for scattered light—see 
FIG. 6 and accompanying discussion. Detectors, typically 
used to alloW monitoring of the presence/strength of par 
ticular Wavelengths, and to alloW monitoring of the polar 
ization states of such Wavelengths, are not considered herein 
to be manipulating optics, unless the detector comprises an 
integral component that manipulates a Wavelength or polar 
ization state, e.g., a birefringent coating or layer.) 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] FIGS. 1A and 1B illustrate an embodiment of the 
invention. 

[0015] FIG. 2 illustrates another embodiment of the 
invention. 

[0016] FIG. 3 illustrates a further embodiment of the 
invention. 

[0017] FIG. 4 illustrates a further embodiment of the 
invention. 

[0018] FIG. 5 illustrates a further embodiment of the 
invention. 

[0019] FIG. 6 illustrates a further embodiment of the 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0020] It is useful to provide a clear de?nition of “state of 
polarization” (or SOP), With respect to an optical signal 
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propagating through a ?ber. In general, if the core-cladding 
indeX difference in a given optical ?ber is suf?ciently small, 
then the transverse dependence of the electric ?eld associ 
ated With a particular mode in the ?ber may be Written as: 

each vector component and the phases are de?ned as fol 
loWs: 

¢y—[5z—(nt+¢D—6, 
[0022] Where [3 de?nes the propagation constant, 0 de?nes 
the angular frequency, (1)0 de?nes an arbitrary phase value, 
and 6 is the relative phase difference betWeen the tWo 
orthogonal components of the electric ?eld. 

[0023] In accordance With the teachings of the present 
invention, the state of polarization (SOP) of an optical ?ber 
Will be described using the Jones calculus and the Stokes 
parameters, since these are both complete and commonly 
used. In terms of equation (1), the Jones vector J that 
describes the ?eld at any location z or point in time t is given 
by the folloWing: 

[0024] In practice, the factor eXp(iq)X) is ignored, so that 
the state of polarization is described by the three main 
parameters: AX, Ay and 6. The physical interpretation of 
these three parameters is most commonly based on the 
polarization ellipse, Which describes the path traced out by 
the tip of the electric ?eld vector in time at a particular 
location, or in space at a particular time. It should be noted 
that the Jones vector description is valid only for monochro 
matic light, or a single frequency component of a signal. 

[0025] A more complete description of the state of polar 
ization is based on the de?ned Stokes parameters, since this 
method also accounts for the degree of polarization (DOP) 
of a non-monochromatic signal. In terms of the Jones vector 
parameters, the four Stokes parameters are de?ned by: 

[0026] and the degree of polarization (DOP), OéDOPé 1, 
is de?ned to be: 

DOP: /W_ 
50 

[0027] Apartially polarized signal can be considered to be 
made up of an unpolarized component and a polarized 
component. The DOP is used to de?ne that fraction of the 
signal Which is polarized, and this fraction may be described 
by either the polarization ellipse or Jones vector. It is to be 
noted that, in strict terms, there are four parameters that are 
required to fully describe the elliptical signal: (1) the shape 
of the ellipse; (2) the size of the ellipse; (3) the orientation 
of the major axis; and (4) the sense of rotation of the ellipse. 
Thus, four measurements are required to unambiguously 
de?ne the signal. These four parameters are often taken to be 
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AX, Ay, the magnitude of 6, and the sign of 6. The four 
Stokes parameters also provide a complete description of 
fully as Well as partially polarized light. The Jones vector 
may be derived from the Stokes parameters according to: 

[0028] It is to be noted that the last equation above does 
not unambiguously determine 6. Most numerical implemen 
tations of 0=arctan de?ne the resulting angle such that 
—J'c/2<0<J'c/2. Thus, for S220, the eXpression 6=arctan (S3/ 
S2) should be used, Where as for S2<0, the eXpression 
6=arctan (S3/S2)i?§ should be used. Therefore, With the 
knoWledge of the four Stokes parameters, it is possible to 
fully determine the properties of the polariZed signal. 

[0029] It has been recogniZed in accordance With the 
teachings of the present invention that the full state of 
polariZation (SOP) cannot be determined by merely evalu 
ating the signal passing through a single polariZer. Birefrin 
gence alone has also been found to be insuf?cient. In 
particular, a polarimeter may be based on a presumption that 
the optical signal to be analyZed is passed through a com 
pensator (birefringent) plate of relative phase difference F 
With its “fast” aXis oriented at an angle C relative to the X 
aXis (With the light propagating along the Z direction). 
Further, it is presumed that the light is subsequently passed 
through an analyZer With its transmitting aXis oriented at an 
angle Arelative to the X aXis. Then, it can be shoWn that the 
intensity I of the light reaching a detector disposed behind 
the compensator and analyZer can be represented by: 

[A—C])cos( )]+S3 sin(2[A-C])sin([)}. 
[0030] In this case, S]- are the Stokes parameters of the 
light incident on the compensator, such that S0 is the incident 
intensity. If the compensator is a quarter-Wave plate ([=J'l§/2), 
then the intensity as de?ned above can be reduced to: 

)+S3 sin(2[A-C])}, 
[0031] Whereas if the compensator is removed altogether 
([=0), the equation for the intensity I reduces to: 

1(A, —, 0)=1/2—{S0+S1 cos(2A)+S2 sin(2A)}. 

[0032] This latter relation illustrates conclusively that it is 
impossible, Without introducing birefringence, to determine 
the value of S3, and hence the sense of rotation of the 
polariZation ellipse. 
[0033] FolloWing from the equations as outlined above, a 
polarimeter may be formed using a compensator (for 
eXample, a quarter-Wave plate), a polariZer, and a detector. 
In particular, the folloWing four measurements, used in 
conventional polarimeters, unambiguously characteriZe the 
Stokes parameters: 

[0034] 1) no Wave plate; no polariZerQI(—,—,0)=SO 

[0035] 2) no Wave plate; linear polariZer along X 
aXisQI(0,—,0)=1/z(SO+S1) 

[0036] 3) no Wave plate; linear polariZer at 45°a 
I(45,—,0)=1/2(SO+S2) 

[0037] 4) quarter-Wave plate at 0°; linear polariZer at 
45°QI(45,0,rc/2)=%(SO+S3). 
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[0038] In a conventional polarimeter using this set of 
equations, the measurements may be performed sequentially 
With a single compensator, polariZer and detector. Alterna 
tively, the measurements may be performed simultaneously, 
using multiple components by splitting the incoming beam 
of light into four paths in a polariZation-independent fash 
ion. 

[0039] One method for monitoring PMD involves mea 
suring the degree of polariZation, Which may be related to 
?rst-order PMD. Another method involves measuring the 
Jones matriX of the transmission link and eXtracting PMD in 
formation. (See, e.g., US. patent application Ser. No. 
60/228,265.) 
[0040] In one embodiment of the invention, re?ected in 
FIG. 1A, an optical Waveguide is provided, typically an 
optical ?ber 10 having a core 12 and a cladding 14. AblaZed 
grating 16 is formed in the ?ber 10 by conventional tech 
niques. The grating re?ects light (over a range of Wave 
lengths) from the ?ber 10 through coupling optics—Which 
comprise in this embodiment an indeX matching medium 18 
a glass block 20, and a re?ective element 22—onto a 
detector array 24. As discussed in the references cited above, 
in such a con?guration, tapped light of Wavelength )q is 
brought to a focus at some point or along some line on the 
detector 24 distinct from the point or line of >\,jz>\.i. This is 
re?ected in FIG. 1B, Which is a top vieW of the arrangement 
of FIG. 1A, shoWing the impact locations of light of varying 
Wavelengths on the detector 24. As discussed in those cited 
references, With use of a proper array, the multiple Wave 
lengths are able to be resolved and detected simultaneously 
over a relatively large bandWidth, e.g., 20 to 50 nm. The 
con?guration is thereby able to act as an in-line spectrometer 
of the type discussed in the co-assigned patents and appli 
cation cited above. 

[0041] The con?guration of the invention also provides 
polariZation-manipulating optics 25, e.g., polariZation sen 
sitive optics. In the embodiment of FIGS. 1A and 1B, the 
necessary polariZation optics are provided betWeen the cou 
pling optics and the detector 24, to alloW, e.g., calculation of 
the Stokes parameter. For eXample, the distinct polariZation 
optics 26, 27, 28, 29 located over the detector 24 (see FIG. 
1B) provide the folloWing four distinct measurements, to 
unambiguously characteriZe the Stokes parameter: 

0042 O tics 26: no Wave late, no olariZer i.e., no P P P 
polariZation optics): 

[0043] Optics 27: no Wave plate, linear polariZer 
along X aXis: 

[0044] Optics 28: no Wave plate, linear polariZer at 
45°: 

[0045] Optics 29: quarter Wave plate fast aXis at 0°, 
linear polariZer at 45°: 

[0046] In this Way, the polariZation characteristics of the 
propagating signals are able to be monitored, and, more 
importantly, in combination With the spectrometer function 
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of the con?guration, the polarization characteristics of each 
channel are able to be monitored as a function of Wave 

length. 
[0047] Avariety of Waveguides are possible, in addition to 
optical ?ber, e.g., planar Waveguides, and devices With a 
variety of Waveguides are readily formed following the 
guidelines herein. 

[0048] It is possible to use a variety of indeX matching 
materials, or possibly none at all. Typically, an indeX match 
ing material is advantageous, hoWever. It is also possible to 
use a variety of alternatives to or modi?cations of the glass 
block 20 and re?ective element 22, e.g., a glass block alone 
(using internal re?ection to direct the tapped light), or 
incorporation of lenses or additional mirrors, or blocks of 
other materials. The re?ective element 22 of FIG. 1A, or a 
similarly arranged lens, is often advantageous to direct light 
of varying Wavelengths onto speci?ed locations of a detector 
array. In one particular modi?cation of FIG. 1A, it is 
possible to use an additional re?ective element, such that the 
scattered light is directed off tWo separate re?ective ele 
ments before encountering the detector. See also FIGS. 13 
and 15 of US. Pat. No. 6,002,822. Selection of the particu 
lar elements of the coupling optics Will depend, in part, on 
the particular grating, as discussed beloW. 

[0049] Typically, the Wavelength dispersive element is a 
blaZed Bragg grating, although it is possible to use other 
dispersive elements. It is possible to use a blaZed grating 
over a variety of tilt angles, With a typical blaZe angle being 
about 3° to about 15° (measured as the rotation of the grating 
from the normal to the Waveguide’s propagation direction). 
There are competing consideration for selecting a tilt angle. 
For eXample, to keep the blaZed grating substantially polar 
iZation-independent, a relatively small tilt angle is desired, 
e.g., 8° or less, and such tilt also gives a more broadband 
Wavelength response. HoWever, the larger the tilt angle, the 
loWer the aZimuthal spreading of the coupled light, i.e., the 
larger the blaZe, the larger the fraction of the re?ected light 
that reaches the detector. Yet, larger aZimuthal spread eases 
manufacture and assembly of the overall devices. 

[0050] In addition to blaZe considerations, it is possible to 
use either a chirped or unchirped grating. Techniques for 
forming both types of gratings are knoWn to those skilled in 
the art, e.g., eXposure of the ?ber through a phase mask or 
by interfering tWo beams in the core of the ?ber. While a 
chirped grating, as knoWn in the art, Will itself generally 
provide focusing of light of differing Wavelengths, it is 
possible to use optics, e.g., a lens, in combination With an 
unchirped grating to similarly focus light of differing Wave 
lengths onto distinct regions of a detector. See, e.g., FIGS. 
13 and 15 of US. Pat. No. 6,002,822. It is also possible to 
bend the portion of the ?ber in Which the grating is formed, 
to provide focusing of the tapped light. 

[0051] The location of the polariZation manipulating 
optics also involves several considerations, including the 
angle at Which the scattered light propagates, and advanta 
geous positioning to reduce or prevent coupling betWeen 
spatial variation and Wavelength variation. In addition, While 
the embodiments described herein tend to shoW polariZation 
manipulating optics adjacent to a detector, it is also possible 
to locate polariZation manipulating optics at locations distant 
from the detector. Consideration of such factors is Within the 
ability of one skilled in the art. 
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[0052] The detector is typically a device such as a InGaAs 
PIN diode for 1550 nm light. 

[0053] Another embodiment of the invention is re?ected 
in FIG. 2. This arrangement contains an optical ?ber length 
30 in Which four blaZed gratings 32, 34, 36, 38 are formed. 
The gratings are designed in the same manner as discussed 
above, to tap some of the propagating light, such that the 
tapped light is able to be directed onto a detector array 48. 
Speci?cally, as in the above embodiment, glass blocks 31, 
33, 35, 37 are located adjacent (typically bonded to) the 
optical ?ber in the region around the blaZed gratings 32, 34, 
36, 38. As discussed above, the glass blocks direct the 
tapped light, through use of, e.g., re?ection or lenses, toWard 
the detector array. (For purposes of clarity, the Figure shoWs 
space betWeen the blocks, the polariZation monitoring 
optics, and the detector array. Typically, as apparent to one 
skilled in the art, all optics Will be connected With glass, e. g., 
as re?ected in FIG. 

[0054] The re?ection from the four different blaZed grat 
ings 32, 34, 36, 38 makes it possible to perform the Stokes 
parameter calculations discussed above. Speci?cally, polar 
iZation manipulating optics 44, 45, 46 (With no optics 
located betWeen grating 32 and the detector array 48) are 
located such that tapped light must pass through the polar 
iZation manipulating optics 44, 45, 46 before reaching the 
detector. HoWever, unlike the above embodiment, the 
embodiment of FIG. 2 uses shutters 40, 41, 42, 43 to control 
Which tapped light is reaching the detector array. (The 
shutters 40, 41, 42, 43 are not located in the path of optical 
transmission ?ber 30, but are located in the path taken by the 
light re?ected from the blaZed gratings. FIG. 2, if presented 
in three dimensions, Would shoW the shutters located above 
or beloW the ?ber 30. The shutters are desirably close to the 
?ber 30, to increase the ability to block scattering light, but 
advantageously do not interrupt the indeX matching betWeen 
the ?ber 30 and the blocks.) Because the Stokes parameter 
calculations require 4 separate measurements, the shutters 
provide the needed sequential monitoring of light from the 
blaZed gratings, e.g., ?rst the light from grating 32 is 
measured, then the light from grating 34, then from grating 
36, and ?nally from grating 38. The re?ected light from the 
blaZed gratings 32, 34, 36, 38 also alloWs for Wavelength 
monitoring, as discussed above. Also, note that it is possible 
to do polariZation-independent Wavelength monitoring With 
the light tapped from the ?rst grating 32 (and to use the other 
gratings to cancel any polariZation dependence exhibited by 
the ?rst grating 32). 

[0055] Another embodiment is shoWn in FIG. 3. This 
system contains an optical transmission ?ber 50, With a 
single blaZed Bragg grating 52 formed therein and single 
detector array 58. As discussed With respect to FIGS. 1A 
and 1B, the tapped light from the grating 52 is directed into 
coupling optics, in this case a glass block 54 (optionally 
adhered to the ?ber 50 With an indeX matching epoXy or 
having an indeX matching ?uid located betWeen the block 54 
and the ?ber 50). As discussed above, light of differing 
Wavelengths is directed to different locations on the detector 
array 58 (by use of re?ection, e.g., in the case of a chirped 
grating, or by use of a lens, e.g., in the case of an unchirped 
grating), alloWing Wavelength monitoring to be performed. 

[0056] Wavelength sensitive polariZation monitoring is 
also performed. In this embodiment, the polariZation 
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manipulating optics 56 are adjustable, and thereby allow all 
four of the measurements necessary for the Stokes parameter 
calculation to be sequentially performed. Speci?cally, the 
polariZation manipulating optics include in this embodiment 
a rotatable half-Waveplate 59, a rotatable quarter-Waveplate 
60, and a polariZer 61. Manipulation of the optics to make 
the necessary measurements is Within the ability of one 
skilled in the art. 

[0057] In addition, it is apparent that a variety of different 
optics are possible instead of rotatable half-Waveplate 59, 
rotatable quarter-Waveplate 60, and polariZer 61. See, for 
eXample, the various schemes presented in P. S. Hauge, 
“Survey of Methods for the Complete Determination of a 
State of PolariZation,”SPIE Vol. 88 Polarized Light, 3-9 
(1976), the disclosure of Which is hereby incorporated by 
reference. In particular, schemes 1 to 3 of the article are 
clearly applicable to the embodiment of FIG. 3. See also K. 
Oka and T. Kato, “Spectroscopic polarimetery With a chan 
neled spectrum,”Optics Lett., Vol. 24, No. 21, 1477 (1999). 
A variety of retardation plates such as half- and quarter 
Waveplates are possible. Even birefringent layers or coatings 
on a detector are expected to provide suitable polariZing 
functions. 

[0058] Various combinations of the con?gurations of 
FIGS. 1A, 1B, 2 and 3 are also possible. For eXample, FIG. 
4 shoWs a system having an optical transmission ?ber 60 
With four blaZed Bragg gratings 62, 64, 66, 68 formed 
therein. Glass blocks 61, 63, 65, 67 are located adjacent 
(typically bonded to) the optical ?ber in the region around 
the blaZed gratings. (A single glass block is also possible.) 
The glass blocks direct the tapped light, through use of, e. g., 
re?ection or lenses, onto the detector arrays 75, 76. In this 
embodiment, as opposed to the embodiment of FIG. 2, tWo 
detector arrays 75, 76 are used, alloWing simultaneous 
monitoring from tWo of the blaZed gratings, e.g., grating 62 
and grating 66, or grating 64 and grating 68. Like the 
embodiment of FIG. 2, shutters (again located outside the 
?ber 60 transmission line) 71, 72, 73, 74 control Which 
tapped light is reaching the polariZation manipulating optics 
69, 70 and the detector arrays 75, 76. Because the Stokes 
parameter calculations require 4 separate measurements, the 
shutters provide the needed sequential monitoring of light 
from the blaZed gratings, e.g., light re?ected from either 
grating 62 or grating 64 is blocked, and light re?ected from 
either grating 66 or grating 68 is blocked. The re?ected light 
from the blaZed gratings 62, 64, 66, 68 also alloWs for 
Wavelength monitoring, as discussed above. Also, as With 
the embodiment of FIG. 2, note that it is possible to do 
polariZation-independent Wavelength monitoring With the 
light tapped from the ?rst grating (and to use the other 
gratings to cancel any polariZation dependence exhibited by 
the ?rst grating). 

[0059] Another embodiment of the in-line polarimeter/ 
spectrometer of the invention is shoWn in FIG. 5. In this 
embodiment, a portion of the polariZation manipulating 
optics is in the ?ber 80 transmission line—upstream of the 
blaZed grating 84, While another portion of the polariZation 
manipulating optics is located betWeen the blaZed grating 84 
and the detector array 90. As in the above embodiments, the 
blaZed Bragg grating 84 re?ects some of the propagating 
light, Which moves into a glass block 86, Where re?ection or 
optics are used to direct light of differing Wavelengths onto 
the detector array 90. In this particular embodiment, hoW 
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ever, dynamically varying polariZation manipulating optics 
are used, e.g., a 4-state polariZation controller 82 located 
upstream of the blaZed grating 84. Four-state polariZation 
controllers are knoWn in the art, and provide four, knoWn 
polariZation transformations Without introducing PDL in the 
transmitted light. Thus, it is possible to control the polar 
iZation state of the light reaching the blaZed grating 84, e.g., 
a portion of the polariZation manipulation required for the 
ultimate polariZation monitoring is done before the light is 
re?ected. (Other optics are possible in the place of the 
4-state controller, e.g., of the type discussed in Hauge, 
“Survey of Methods for the Complete Determination of a 
State of Polarization,” supra.) Then, With a polariZer 88 
located in front of the detector 90, it is possible to perform 
the four measurements required for the Stokes parameter 
calculation, based on sequentially changing the polariZation 
state of the incoming light With the 4-state polariZation 
controller. This embodiment still alloWs the overall device to 
be placed in-line, but keeps the polariZer—Which causes 
substantial PDL—outside the ?ber transmission line. And, 
again, the con?guration, in addition to polariZation moni 
toring, also alloWs Wavelength monitoring to be performed. 
Monitoring the polariZation With the 4-state polariZation 
controller and the polariZer, or other polariZation optics, is 
Within the ability of one skilled in the art (again, see Hauge, 
“Survey of Methods for the Complete Determination of a 
State of Polarization,” supra.) 

[0060] A further embodiment is re?ected in FIG. 6. This 
system contains a ?ber 100 having a portion of polariZation 
manipulating optics (e. g., a four-state polariZation controller 
102) located in-line, upstream of a blaZed grating 104 
formed in the ?ber 100. Scattered light travels through a lens 
106 onto a detector 110. The blaZed grating in this embodi 
ment acts both as a Wavelength insensitive tap for transmit 
ted light and as a polariZer for scattered light (i.e., as another 
portion of the polariZation monitoring optics). Thus, no 
distinct polariZer is required betWeen the tap 104 and the 
detector 110, in contrast to the embodiment of FIG. 5. (Note 
that the functioning of the tap as a polariZer for scattered 
light brings the system Within the above de?nition of having 
the tapped light directed to or through at least a portion of 
the polariZation manipulating optics.) 

[0061] In particular, the blaZed grating 104 in this embodi 
ment is designed to scatter light substantially perpendicu 
larly to the ?ber, by selection of an appropriate grating 
period. By coupling the light out at a substantially perpen 
dicular angle, a high degree of polariZation selectivity is 
attained. These types of gratings are discussed, for eXample, 
in co-assigned US. patent application Ser. No, 09/517,865 
?led Mar. 3, 2000 (our reference Erdogan 11-38-4) and 
co-assigned US. provisional patent application Ser. No. 
60/187,840 ?led Mar. 8, 2000 (our reference Erdogan 12-42 
7), cited above. Advantageously, the grating has about a 45° 
blaZe, Which provides high directional selectivity, suitable 
coupling ef?ciency, and scattering over a relatively broad 
Wavelength range. Also, in this embodiment, it is useful to 
include another grating doWnstream of the tap, to compen 
sate for any PDL introduced by the tap. 

[0062] Other embodiments of the invention Will be appar 
ent to those skilled in the art from consideration of the 
speci?cation and practice of the invention disclosed herein, 
including various combinations of the elements of the 
embodiments disclosed above. 
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What is claimed is: 
1. An in-line spectrometer/polarimeter device, the device 

comprising: 
an optical Waveguide; 

Wavelength manipulating optics capable of manipulating 
one or more Wavelengths, the Wavelength manipulating 
optics comprising one or more Wavelength dispersive 
elements in the optical Waveguide; and 

polariZation manipulating optics capable of manipulating 
the polariZation of the one or more Wavelengths, 

Wherein the one or more Wavelength dispersive elements 
tap from the Waveguide at least a portion of light 
propagating through the Waveguide, such that the 
tapped light is directed to or through at least a portion 
of the polariZation manipulating optics, 

Wherein one or more of the Wavelength dispersive ele 
ments optionally functions as a portion of the polar 
iZation manipulating optics, and 

Wherein the device provides for monitoring of the one or 
more Wavelengths present in the light propagating 
through the Waveguide and for monitoring of the polar 
iZation characteristics of each of the one or more 
channels. 

2. The device of claim 1, Wherein the one or more 
Wavelength dispersive elements comprise one or more 
blaZed Bragg gratings. 

3. The device of claim 1, Wherein the device further 
comprises one or more coupling optics adjacent the one or 
more gratings, such that the tapped light is directed into the 
coupling optics. 

4. The device of claim 3, Wherein the one or more 
coupling optics comprise at least one glass block. 

5. The device of claim 4, Wherein the one or more 
coupling optics further comprise at least one element 
selected from the group consisting of lenses and re?ective 
elements. 

6. The device of claim 2, Wherein each of the one or more 
blaZed Bragg gratings induces less than 1 dB of variation in 
the tapped light as a function of polariZation. 

7. The device of claim 1, Wherein the optical Waveguide 
is free of in-line linear polariZers. 

8. The device of claim 1, Wherein the polariZation 
manipulating optics contribute to calculation of a Stokes 
parameter for the tapped light. 

9. The device of claim 1, Wherein the Waveguide is an 
optical ?ber. 

10. The device of claim 2, Wherein the device comprises 
greater than one blaZed Bragg grating. 

11. The device of claim 10, Wherein the device comprises 
one or more shutters, each of the shutters capable of block 
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ing at least a portion of the tapped light from reaching one 
or more detectors located near the Waveguide. 

12. The device of claim 1, Wherein a portion of the 
polariZation manipulating optics is located upstream of at 
least one of the Wavelength dispersive elements. 

13. The device of claim 12, Wherein the portion of the 
polariZation manipulating optics located upstream of at least 
one of the Wavelength dispersive elements comprise 
dynamically variable polariZation manipulating optics. 

14. The device of claim 2, Wherein at least one blaZed 
Bragg grating functions as a portion of the polariZation 
manipulating optics. 

15. The device of claim 14, Wherein the at least one blaZed 
Bragg grating that functions as a portion of the polariZation 
manipulating optics scatters the tapped light substantially 
perpendicular to the propagation direction of the optical 
Waveguide. 

16. The device of claim 15, Wherein the at least one blaZed 
Bragg grating that functions as a portion of the polariZation 
manipulating optics has a blaZe of about 45°. 

17. The device of claim 1, further comprising one or more 
detectors, Wherein at least a portion of the tapped light 
encounters at least a portion of the polariZation manipulating 
optics prior to encountering one of the detectors. 

18. The device of claim 17, Wherein the polariZation 
manipulating optics comprise at least one element selected 
from the group consisting of a linear polariZer and a retar 
dation plate, and Wherein the tapped light encounters one of 
the elements selected from the group consisting of a linear 
polariZer and a retardation plate prior to encountering one of 
the detectors. 

19. The device of claim 18, Wherein the polariZation 
manipulating optics comprise a linear polariZer, a quarter 
Wave plate, and a half-Wave plate. 

20. The device of claim 17, Wherein the polariZation 
manipulating optics comprise one or more polariZers located 
such that at least a portion of the tapped light encounters one 
of the polariZers prior to encountering one of the detectors. 

21. The device of claim 17, Wherein for propagating light 
comprising multiple Wavelengths, distinct Wavelengths in 
the tapped light are directed to distinct regions of the one or 
more detectors. 

22. The device of claim 21, Wherein the distinct Wave 
lengths in the tapped light are directed by use of a chirped 
blaZed Bragg grating. 

23. The device of claim 21, Wherein the distinct Wave 
lengths in the tapped light are directed by use of a non 
chirped blaZed Bragg grating in combination With at least 
one element selected from the group consisting of one or 
more lenses and one or more re?ective elements. 


